There are concerns that anthropogenic harvesting may cause phenotypic adaptive changes in exploited wild populations, in particular maturation at a smaller size and younger age. In this paper, we study the evolutionarily stable size at maturation of prey subjected to size-selective harvesting in a simple predator-prey model, taking into account three recognized life-history costs of early maturation, namely reduced fecundity, reduced growth, and increased mortality. Our analysis shows that harvesting large individuals favors maturation at smaller size compared to the unharvested system, independent of life-history tradeoff and the predator's prey-size preference. In general, however, the evolutionarily stable maturation size can either increase or decrease relative to the unharvested system, depending on the harvesting regime, the life-history tradeoff, and the predator's preferred size of prey. Furthermore, we examine how the predator population size changes in response to adaptive change in size at maturation of the prey. Surprisingly, in some situations, we find that the evolutionarily stable maturation size under harvesting is associated with an increased predator population size. This occurs, in particular, when early maturation trades off with growth rate. In total, we determine the evolutionarily stable size at maturation and associated predator population size for a total of forty-five different combinations of tradeoff, harvest regime, and predated size class.
Introduction
Harvesting often constitute the main source of mortality in exploited animal populations, and can account for as much as 50-80 % of the overall mortality, be it terrestrial species (Toïgo et al. 2008) , fish (Mertz and Myers 1998) , or other marine species (Rowe 2001) . It is therefore not surprising that harvesting may cause phenotypic changes in heritable life-history traits in both terrestrial (Coltman et al. 2003; Allendorf et al. 2008 ) and marine species (Jørgensen et al. 2007) . Concerns are mounting about the time it may take to reverse such adaptive changes (e.g. Law and Grey 1989; Conover et al. 2009 ), if such reversals are feasible at all (de Roos et al. 2006) . At this time, there is no conclusive genetic evidence of harvesting-induced evolution, however, a growing number of empirical and experimental studies suggest that anthropogenic size-selective mortality in exploited wild populations can cause adaptive changes in traits influencing growth and maturation (Coltman et al. 2003; Jørgensen et al. 2007) . Observed changes in exploited populations include maturation at smaller size and younger age (Rijnsdorp 1993; Coltman et al. 2003) , decreased growth rate (Ricker 1981 (Ricker , 1995 , and reduced fecundity (Rijnsdorp 1993) .
Theoretical models (Law and Grey 1989; Day et al. 2002; Gårdmark et al. 2003; Baskett et al. 2005; Gårdmark and Dieckmann 2006; Poos et al. 2011) suggest that phenotypic change can occur as adaptive responses to size-selective mortality. Because the predicted adaptive changes generally depend on the ecological environment in which the species is embedded and the type of life-history tradeoff assumed for early maturation, these earlier studies have only partially succeeded in providing an overview of such adaptive responses and when they are expected to occur. They have either considered a single life-history tradeoff and two interacting species (Day et al. 2002; Gårdmark et al. 2003) or more than one life-history tradeoff in a single species (Law and Grey 1989; Poos et al. 2011) . In practice, however, life-history tradeoffs involving maturation and species interactions must both be expected to influence the adaptive responses to harvesting, making it essential to take both factors into account.
Here, we provide the first systematic overview of the adaptive responses of size at maturation to harvesting-induced mortality in predator-prey systems when accounting for the three major life-history tradeoffs involving maturation. Specifically, we predict the outcome of harvesting-induced adaptive change in maturation size when early maturation reduces fecundity, reduces growth, or increases mortality. In order to elucidate the effects of different tradeoffs, we investigate them separately. The model we study in this paper builds on a three-size-class model by Poos et al. (2011) . We extend their model by incorporating an unstructured predator with size-selective feeding. This leads to unexpected adaptive responses in the size at maturation that are not observed in the single-species model excluding predation. The array of adaptive responses of size at maturation to harvesting is for the most part derived analytically.
We investigate harvesting regimes based on size and age, and on state of maturation, e.g. due to spatial differentiation between mature and immature individuals. We examine harvest regimes based on body size and maturity and predation regimes based on body size. Previous theoretical studies show that the population size of a harvested predator can increase due to the adaptive change in the prey (Abrams and Matsuda 2005; Abrams 2009 ). Building on this tradition, we additionally investi- Fig. 1 Overview of the life-history model. Size class 1 consist of juveniles (N 1 ), which grow into size class 2 with constant rate r 1 . Size class 2 consist of immature individuals (N 2 ) and mature individuals (Ñ 2 ), which grow into size class 3 (Ñ 3 and N 3 for early-maturing and late-maturing individuals) at ratesr 2 and r 2 , respectively. The red/dark boxes (Ñ 2 ,Ñ 3 , and N 3 ) denote mature individuals, while the blue/light boxes (N 1 and N 2 ) denote immature individuals. The mortality rate at each life stage is the sum of harvesting mortality, natural mortality, and predation mortality gate secondary effects on predator population size to illustrate knock-on effects of harvesting-induced adaptive change that can cascade through ecosystems.
Model and Methods
We first introduce a demographic model of a harvested predator-prey system in which prey individuals can have different size at maturation. From the demographic model, we derive the basic reproduction ratio which indicates the reproductive success of a rare mutant individual in a given resident population. Finally, we describe the analytical techniques that we will use to assess the evolutionarily stable maturation size under different size-and stage-selective harvesting regimes.
Population Dynamics
Figure 1 provides a schematic overview of the prey life-history model. The corresponding parameters with units are summarized in Table 1 . The prey population is structured both by individuals' size and their size at maturation. As we aim to derive analytical results, we consider discrete life-history stages with the three size classes, juveniles, small individuals, and large individuals, and two possible sizes at maturation, either early maturation in the small size class, or late maturation in the large size class. For notational convenience, we will also refer to juveniles as size class 1, small individuals as size class 2, and large individuals as size class 3. We use over-script tilde to indicate parameters and variables that refer to early-maturing individuals. Following the well-established tradition of evolutionary game theory, we assume that Table 1 Model parameters, notation, and units. To shorten the mathematical formulas, we let k 1 = r 1 + h 1 , k 2 = r 2 + m 2 + h 2 ,k 2 =r 2 +m 2 +h 2 , and k 3 = m 3 + h 3 . Note that we only consider the cases m 3 =m 3 and harvesting regimes satisfying h 3 =h 3
Notation
Description Unit Prey an individual mature with probability x and consider the probability to mature early as the life-history trait under selection. The probability to mature late is then simply (1 − x). We write N 1 for the number of juveniles (i.e., individuals in size class 1). Similarly, we writeÑ i and N i for the respective number of early-maturing and latematuring individuals in size class i = 2, 3. Juveniles grow into size class 2 at rate r 1 , while mature and immature individuals in size class 2 grow into size class 3 at the respective ratesr 2 and r 2 . We assume size-and stage-dependent mortality and fecundity rates (Roff 1992) . Juveniles experience density-dependent mortality at rate m 1 N 1 , while individuals in size class 2 and 3 experience density-independent mortality. The mortality rate for individuals in size class 2 depends on the size at maturation and is given bym 2 and m 2 for early-maturing and late-maturing individuals, respectively. The mortality rate for individuals in size class 3 is m 3 =m 3 , here assumed to be independent of maturation size. The fecundity is dependent on life-history and size. Because a mature individual will always reproduce, size at maturation is equivalent to size at first reproduction. The fecundity for mature individuals in size class i isf i and f i for early-maturing and late-maturing individuals, respectively.
We adopt an energy-budget model in which an individual allocate a finite amount of energy toward reproduction, growth, and survival. The need to prioritize between competing ends gives rise to three life-history costs of early maturation: increased mortality (m 2 > m 2 ), reduced growth (r 2 < r 2 ), and reduced fecundity (f 3 < f 3 ).
To keep the model analytically tractable, we assume linear Holling type I densitydependent predation. The harvesting rates for individuals inÑ i and N i are densityindependent and respectively denoted byh i and h i , where we consider harvesting regimes withh 3 = h 3 .
With the assumptions given above, the prey population dynamics are described by five differential equations:
where k 1 = r 1 + h 1 , k 2 = r 2 + m 2 + h 2 ,k 2 =r 2 +m 2 +h 2 , and k 3 = m 3 + h 3 are the density-independent rates at which individuals leave each respective life-history stage. For the specific case p i = 0, for all i, the system is equivalent to the singlespecies case studied by Poos et al. (2011) . The dynamics of the predator population are given by
in which p i is the predator's attack rate on prey in size class i, d is the predator's natural mortality rate, and λ i is the conversion coefficient for prey in size class i. In general the conversion coefficient depends on the size of the prey, but since we only consider predation on a single size class at a time, we henceforth write λ i = λ without loss of generality. Note that for any viable predator population at equilibrium, the sum in the square brackets (2) is constant. In particular, if the predator predates on a single size class, it will keep the prey population number of that size class constant.
Basic Reproduction Ratio
For a given harvesting and predation regime, we aim to determine the evolutionarily stable strategy (ESS) for the maturation probability. The principal ingredient needed is the basic reproduction ratio, which is defined here as the number of offspring produced by one individual on average during its lifetime. This number depends on both the maturation probability of the individual under consideration, and the maturation probability of the other individuals in the populations. The basic reproduction ratio can be determined from the average time an individual entering a life-history stage will spend in that life-history stage, the probabilities that the individual will eventually enter each respective life-history stage, and the fecundity rate that the individual has in each of the life-history stages. To determine the average time an individual entering a life-history stage will spend in that life-history stage, we first note that individuals leave any given life-history stage either through growth or through mortality. As both the predator and the prey population are assumed to be at demographic equilibrium, individuals leave any life-history stage at a constant rate. The average time spent by an individual in any given life-history stage is thus equal to the reciprocal of the rate at which individuals leave that life-history stage. We can thus give exact expressions for the average time that an early-maturing or late-maturing individual entering any of the three size classes will remain in that size class.
In size class 1, we do not distinguish between late-and early-maturing individuals and the average time spent by individuals in this size class is D 1 = (k 1 + m 1 N 1 + p 1 P ) −1 . For individuals in size class 2, the average time spent in the size class depends on the maturation stage and is equal toD 2 = (k 2 + p 2 P ) −1 and D 2 = (k 2 + p 2 P ) −1 , for early-and late-maturing individuals, respectively. Finally, as individuals in size class 3 have ceased to grow and experience the same mortality rate, independent of maturation stage, the time spent in this size class by both earlyand late-maturing individuals is equal to D 3 = (k 3 + p 3 P ) −1 . Let P 2 be the probability that a newborn reaches size class 2, P 3 the probability that an individual entering N 2 reaches N 3 , andP 3 the probability that an individual enteringÑ 2 reachesÑ 3 . Note that P 2 = r 1 D 1 , P 3 = r 2 D 2 , andP 3 =r 2D2 . The basic reproduction ratio is then given by
(3)
Note that the basic reproduction ratio is a linear function of the mutant maturation probability y.
Evolutionarily Stable Strategies
In the tradition of Maynard Smith and Price (1973) and Thomas (1985) , we identify a maturation probability x as an evolutionarily stable strategy (ESS) if the following two requirements hold: (a) no other strategy have higher reproductive success in a population of x-strategists, i.e., R x (x) ≥ R x (y) for all y and (b) in any population following another strategy y = x, a small group of x-strategies have higher reproductive success, i.e., R y (x) > R y (y) .
As the basic reproduction ratio R x (y) is a linear function of the mutant trait value y, we can reformulate the ESS condition above as requirement on the slope of R x (y). From (3), we derive an expression for the slope of the basic reproduction ratio at y = x,
The first requirement for a maturation probability x to be an ESS, (a), is fulfilled whenever D(x) = 0 since the basic reproduction ratio is then a horizontal line, implying that all strategies have equal reproductive success (this can be understood as an instance of the Bishop-Cannings theorem, Bishop and Cannings (1978) ). If this is the case, the second requirement, (b), will also be fulfilled provided that D(y) is positive for y < x and negative for y > x. This follows from the fact that R y (x) is a linear function. Specifically, we have
if y < x and an analogous result hold if y > x. For completeness, we mention that the two ESS conditions will be fulfilled by the boundary strategies x = 0 and x = 1 if D(0) < 0 and D(1) > 0, respectively. In the adaptive-dynamics literature, D(x) is known as the selection gradient and strategies x for which D(x) = 0 are said to be evolutionarily singular. We adopt this terminology in the rest of this paper, but stress that our analysis is carried out in the spirit of John Maynard-Smith. We aim to determine the effects of harvesting on the most adaptive strategy, i.e., the ESS, irrespective of whether this strategy emerges through evolutionary change, phenotypic plasticity, or any other conceivable process.
Analytical Techniques
We now introduce the analytical techniques that we use to determine the effects of harvesting on the ESS. First, note that we can write D(x) = K(x)T (x), in which K(x) > 0 is a positive factor and
It follows that T (x) has the same sign and zeroes as the selection gradient D(x). From here on, we write x * to denote either a singular strategy or a boundary strategy which cannot be invaded by any other strategy, i.e., x = 0 and D(0) < 0 or x = 1 and D(1) > 0. For any model parameter τ and any singular strategy x * , the chain rule gives
Hence, the derivatives of D and T with respect to a model parameter have the same sign at a singular strategy. Using a computer-algebra system such as Mathematica, it is possible to show analytically that for ecologically relevant parameters there can exist at most one singular strategy x * . Letting τ = x, we see from the arguments in the previous section that a singular strategy x * is an ESS if ∂T /∂x(x * ) < 0. We will determine how harvesting affects the evolutionarily stable maturation strategy of the prey population by analyzing how the location of the ESS changes with increasing harvesting rate. If no singular strategies exist in the open interval 0 < x < 1, the selection gradient is either always positive or always negative, implying that the ESS will be a boundary strategy. In such cases, an increase in harvesting rate may cause the ESS to shift discontinuously from one boundary strategy to the other. Otherwise, there exists exactly one interior ESS which changes continuously with the harvesting rate. Therefore, three distinct types of ESS are possible for the prey population: Either all individuals mature early, x * = 1, or all individuals mature late, x * = 0, or the individuals have an intermediate maturation probability 0 < x * < 1, meaning that with probability x * individuals mature early.
We analyze the effect of increased harvesting on the ESS maturation probability using two principal methods. In both cases, we assume that the population dynamics is at demographic equilibrium so that the predator population size P = P (x) becomes a function of the maturation probability, x. The first method (i) is to solve the system of equations consisting of (1) and (2) for the equilibrium population sizes for a population of x-strategists. This gives an explicit expression for the selection gradient D(x). We then investigate if harvesting can change the sign of D(x) by determining if T (x) and hence also D(x), is an increasing or decreasing function of the harvesting rate. If D(x) is an increasing (decreasing) function of the harvesting rate, it follows that the ESS maturation probability increases (decreases) with increased harvesting rate.
When the predator predates on size class 2, the expression for P (x) is too complicated to admit an analytical derivation of the selection gradient D(x). It therefore becomes necessary to use the second method (ii) in which we find the singular strategy and the equilibrium population sizes for the predator and prey by solving the system of equations consisting of (1), (2), and D(x) = 0 for an interior singular strategy which we denote x * . If x * is an increasing (decreasing) function of harvesting rate, harvesting leads to increasing (decreasing) singular maturation probability. If no interior singular strategy exists, or it exists but is not an ESS, we analyze boundary strategies. At a boundary strategy, the selection gradient is generically nonzero, so we study whether increased harvesting can change the sign of the selection gradients D(1) and D(0).
In addition to studying the direct effects of harvesting on the ESS maturation probability, we analyze how changes in the ESS will affect the predator population size. In the cases when harvesting can cause a shift in maturation strategy, from always maturing early to always maturing late or vice verse, we compare the predator population size at the two boundary strategies for the harvesting rate that causes the shift. If an interior ESS exists, the change in predator population size that follows from adaptation to increased harvesting rate is determined from the predator population size at the ESS, P * . Specifically, we determine whether if P * is an increasing or decreasing function of the harvesting rate. Throughout these calculations, we implicitly assume that the prey and predator will remain extant while the population dynamics and evolutionary dynamics reach their new respective equilibria.
Results
We consider density-independent harvesting for five different harvesting regimes based on maturation stage and size, which corresponds to a constant harvesting mor- Fig. 2 Summary of the adaptive responses of size at maturation to harvesting. A thick symbol ↑ indicates that there can be a discontinuous change in maturation strategy from always maturing early at small size to always maturing late at large size. Similarly a thick symbol ↓ indicates a shift from always maturing at large size to always maturing at small size, while a thick symbol means that both shifts in maturation strategy are possible. Which shift actually occurs in this case depends on the model parameterization.
A thin symbol means that there will not be a sudden shift, but a continuous change in maturation strategy. The direction of evolutionary change is further indicated by coloration: blue/light when harvesting promotes late maturation, and red/dark when harvesting promotes early maturation. The boxes left blank indicate cases in which there is no adaptive response of size at maturation to harvesting tality rate. The five harvesting regimes are harvesting juveniles (size class 1: N 1 ), small individuals (size class 2: N 2 andÑ 2 ), large individuals (size class 3: N 3 and N 3 ), mature individuals (Ñ 2 , N 3 , andÑ 3 ), and immature individuals in size class two (N 2 ). The harvesting rate is the same for all individuals affected by the harvesting regime and is denoted h. As an example, when harvesting targets mature individuals, we let h 1 = h 2 = 0 andh 2 = h 3 = h in (1). For each of the five harvesting regimes, we consider the three cases in which a predator population predates on either juveniles, small individuals, or large individuals.
The adaptive responses of size at maturation to harvesting are determined separately for each life-history tradeoff and each combination of harvesting and predator target, with the responses summarized in Fig. 2 . In cases indicated by boxes left blank, harvesting does not affect the ESS. In those cases when predation and harvesting occur on the same size class, this is because the predator keeps the population size of the targeted size class constant. In this case, increased harvesting does not exert any selection pressure as long as the predator is extant, and will only lead to a decrease in the predator population size until it goes extinct. Figure 3 summarizes the changes in predator population size that result as a consequence of evolutionary change in its prey. Note that in some cases, harvesting may actually increase the predator population size in the sense that the equilibrium population size is higher at the maturation strategy which evolves in response to harvesting, than it is at the maturation strategy which evolves in the absence of harvesting.
In total, there are 45 cases that need to be analyzed, many of which involves lengthy expressions and tedious calculations. We therefore present only a limited number of cases, selected to illustrate the analytical techniques described in the previous section. In what follows, we use the shorthand notation k 2 = r 2 + m 2 + h 2 , Fig. 3 Summary of the long-term responses of predator population size following evolution of size at maturation in the prey population as a consequence of increased harvesting rate. Note that if there is no intermediate maturation strategy, the effect on the population size is purely demographic, which is always a decrease in population size. The symbol ↑ (blue/light) indicates an increase in predators, the symbol ↓ (red/dark) a decrease, while the symbol (blue/red) indicates that either the population size will increase or decrease, depending on the model parameters. The blank boxes indicate that increased harvesting does not have any long-term effect on the predator population sizẽ k 2 =r 2 +m 2 +h 2 , and k 3 = m 3 + h 3 that was introduced in Sect. 2.1. We write T x (h) to indicate that we keep the trait value x fixed and considering T (x) as a function of the harvesting rate h, and analogously use the notation P x (h) for the predator population size P (x).
No Predation
The adaptive responses of size at maturation to harvesting for a single-species are studied in Poos et al. (2011) . When there is no predator present, the selection gradient D(x) is generically nonzero. This implies that the maturation strategy is a boundary strategy, i.e., either x * = 0 or x * = 1, corresponding to late or early maturation respectively. Due to the ecological feedback by the predator, we expect different responses under density-dependent predation. However, when the predator predates on juveniles, the qualitative responses in the single-species case are identical to that of the predator-prey system. In contrast, if the predator predates on small individuals or large individuals, the indirect effects of the predator induce an adaptive response to harvesting juveniles, while in the single-species case, harvesting juveniles does not affect the maturation strategy of the prey population, and it is the lack of densitydependent feedback caused by the predator that prevents mortality among juveniles to affect the timing of maturation.
Predation on Juveniles
Assume now that the predator targets juveniles, i.e., p 1 > 0 and p 2 = p 3 = 0. If, further, the predator and prey population are at demographic equilibrium, the population sizes follow from the homogeneous equation system consisting of (1) and (2). It follows from Eq. (2) that the juvenile population size is N 1 (x) = dλ −1 p −1 1 . The predator equilibrium population size is then
Inserting the predator's equilibrium population size in (5) yields
Because T (x) is constant, except for degenerate cases, D(x) is generically non-zero, which implies that the maturation strategy is a boundary strategy. For all cases and both maturation strategies, there are model parameters such that both predator and prey population are viable. Note that there can be a switch between the two possible maturation strategies only if harvesting changes the sign of T (x).
Since intermediate singular maturation strategies are not possible in this case, the long-term response of the predator population size to harvesting of the prey population is determined by comparing the equilibrium population sizes, P (0) and P (1), for the harvesting rate that induces a switch in the eventually evolved maturation strategy. More precise, suppose that x * = 0 is the pre-harvesting maturation strategy and assume that T 0 (h) change sign as harvesting increase, causing the strategy to switch to x * = 1. Since T 0 (h) is continuous for all ecologically feasible parameters there exist a harvesting rate h 0 such that T 0 (h 0 ) = 0. It can be shown that P 0 (h 0 ) = P 1 (h 0 ). Therefore, there is no change in predator population size directly due to the shift in maturation strategy, but since P x (h) is a decreasing function for all 0 ≤ x ≤ 1, the population dynamical effect of harvesting is a decrease in predator population size. This is also the case if the maturation strategy is unaffected by harvesting. The rate of decrease does, however, depend on the maturation strategy. The argument is similar if the pre-harvested maturation strategy is x * = 1.
We now demonstrate how the developed techniques are used to understand the long-term response of the prey population's size at maturation and the predator population's size to harvesting. In both cases presented below, we simultaneously account for all three life-history tradeoffs.
Case 3.1 Here, we consider the case when harvesting targets immature individuals. Letting h 2 = h and h 1 =h 2 = h 3 = 0, we get that
it follows that T x (h) is an increasing function. Furthermore, T (x) →f 2 m 3 +r 2f3 > 0 as h → ∞. Hence, harvesting can only induce a shift from x * = 0 to x * = 1. Note that an evolutionary shift in maturation strategy can happen without the predator going extinct.
Case 3.2 Let harvesting target mature individuals by letting h 1 = h 2 = 0 and h 2 = h 3 = h. In this case, T (x) simplifies to
It is clear that iff
then T x (h) is increasing and T
Hence, if x * = 0, increased harvesting can lead to a shift from maturing at large size to maturing at small size if inequality (6) holds. If on the other hand (6) does not hold, harvesting will not affect the maturation strategy. In a similar way, there can be a shift from x * = 1 to x * = 0. Both shifts in maturation strategy can happen without the predator or prey going extinct. In addition, since
harvesting decrease the predator population size, except for the strategy x * = 1. This is because harvesting then target a class containing individuals maturing late while the entire population matures early.
Predation on Small Individuals
We are unable to obtain a useful expression for the predator population size P (x) for predation on small individuals, thus preventing us to analytically analyze T (x). However, in a few cases T (x) simplifies to a constant, allowing us to use method (i). With no simple expression for T (x), it is not possible to determine if a interior singular strategy is an ESS. In these cases, the responses presented in Fig. 2 are based on numerical investigations. That harvesting of mature individual can either increase or decrease the maturation probability is determined numerically, due to complicated expressions for P * .
Since there is no useful explicit expression for T (x) for arbitrary trait values x, we need to rely on method (ii). Utilizing Eq. (4), we can solve for the evolutionary singular strategy x * , and equilibrium population sizes P * = P (x * ) and N * 1 = N 1 (x * ). Solving the homogeneous differential equation system consisting of Eqs. (1), (2), and (4), it follows that the singular strategy is given by
and that the equilibrium population sizes at the singular strategy are
We assume that the populations are at demographic equilibrium with viable populations, and that the evolutionary dynamics has reached the singular strategy. Below we present the calculations for a few illustrative cases. 
As this expression is independent of the harvesting rate, it follows that harvesting does not induce an adaptive response of size at maturation. Increased harvesting does, however, decrease the predator population size. When harvesting targets large individuals, we have that
This is an increasing function of the harvesting rate, so harvesting promotes early maturation. As in the case in which the predator targets juveniles, P 1 (h 0 ) = P 0 (h 0 ) for the harvesting rate h 0 , which satisfies T x (h 0 ) = 0. This means that a switch from x * = 0 to x * = 1 does not in itself affect the predator population size, but since P 1 (h) and P 0 (h) are both decreasing, harvesting will decrease the population size.
Case 3.4 In this example, we assume that the life-history tradeoff is increased mortality and that the predator predates on immature individuals (i.e., h 2 = h and h 1 =h 2 = h 3 = 0). The expression for the singular strategy then simplifies to
, and the predator and prey juvenile population sizes are given by
For viable populations, it follows from (7) that
We have that
The sign of this derivative depends only on the two factors (h + m 2 −m 2 ) and (2f 2 + h + m 2 −m 2 ), which by (8) have opposite signs, so the derivative is positive. Hence, x * (h) is increasing, i.e., harvesting promotes early maturation. It follows from (9) that high predation pressure weakens the rate of change in size at maturation. Furthermore, since
harvesting decreases the predator population size in an evolutionary sense. In a similar way, it follows that the density of juveniles increase by harvesting. In addition, one can show that for all 0 ≤ x * ≤ 1 there exists model parameters with viable predator and prey population, such that x * is a singular strategy to the adaptive dynamics. Since we do not know the explicit expression for T (x), we cannot analytically determine whether or not the singular strategy is an ESS. However, numerical investigations indicate that the singular strategy is indeed an ESS.
Predation on Large Individuals
Here, we consider predation on large individuals, i.e., p 3 > 0 and p 1 = p 2 = 0. The population sizes for an arbitrary maturation probability x are given by solving (1) and (2). For viable predator and prey populations, the equilibrium population sizes are
The only possible interior singular strategy is given by
and the corresponding equilibrium predator and juvenile prey population sizes are
Thus, the long-term effect that harvesting of that prey has on the predator population size follows directly from (10) whenever an interior singular strategy exists. All combinations of harvesting regimes and life-history regime admit an intermediate singular strategy, except when the tradeoff is decreased fecundity. In this case, an ESS only exists when harvesting targets mature individuals. It is worth noting that if the tradeoff is reduced fecundity, there is a singular strategy when harvesting immature individuals, which however is a not an ESS. This implies that the two boundary strategies x = 0 and x = 1 are both evolutionarily stable. When an interior ESS exists, harvesting juveniles does not have any effect on the predator population size, while harvesting large individuals or immature individuals will decrease the predator density, regardless of the cost for early maturation.
When small individuals are harvested, we have that
In these cases, the response to harvesting depends only on the sign of (m 2 −m 2 + r 2 −r 2 ). Should the sign be positive, the predator population size will increase, while otherwise it will decrease. It is clear that the tradeoff between growth and survival, causes the density to increase if the decrease in growth for mature individuals is small compared to the increase in mortality. If instead harvesting targets mature individuals, the predator population size is given by
In this case, the predator density will increase if r 2 f 3 m 2 + r 2 >f 2 , and decrease if the inequality is reversed.
Case 3.5 Let us investigate the case where harvesting targets juveniles, while the life-history cost for early maturation is increased mortality. Substituting P (x) in (5) yields
where R(x) = λp 3 (4df 3 m 1 (r 2 +m 2 ) 2 + λp 3 ((h + r 1 )(r 2 +m 2 ) −f 2 r 1 x) 2 ). Solving T (x) = 0, the singular strategy x = x * is given by
λf 2 r 1 p 3 (m 2 −m 2 )(f 2 r 1 + (m 2 −m 2 )(h + r 1 )) .
One can show that ∂T ∂x x * < 0, which implies that the singular strategy x * is an ESS. Furthermore,
Therefore, x * (h) is decreasing, which means that harvesting promotes late maturation. Note that a high mortality rate of the predator reinforces the change of size at maturation, while high predation rate and conversion coefficient weakens the response. The population sizes for the predator and prey juveniles are
and
We have that ∂P * /∂h = 0 and ∂N * 1 /∂h = −1/m 1 . Hence, harvesting juveniles does not affect the predator population size.
Case 3.6 Here, consider the case where the life-history cost for early maturation is reduced fecundity, and harvesting targets small individuals. We have that
There are no solutions to T (x) = 0, so the only two possible maturation strategies are x * = 0 and x * = 1. We have
both P x (h) and T x (h) are decreasing functions. Therefore, harvesting may lead to a shift in maturation strategy from x * = 1 to x * = 0, but not the other way around, i.e., harvesting may only cause an evolutionary shift from early to late maturation. Similar to the case of harvesting juveniles,
In addition h 0 is independent of x. Therefore, the response is purely population dynamical and given by (11), which means that harvesting will decrease the predator population size.
Case 3.7 In this final example, we consider harvesting mature individuals, where the cost for early maturation is reduced fecundity. Taking the viability of the predator and prey population into account, there exist at most one singular strategy 0 < x * < 1. It can be shown that T (0) > 0 with the assumption that x * > 0. Similarly it holds that T (1) < 0 with the assumption that 0 < x * < 1. Therefore, a singular strategy x * is an ESS. Furthermore, we have that ∂x * /∂h < 0, so x * (h) is a decreasing function. Since x * (h) is decreasing, harvesting promotes late maturation at larger size.
Discussion
In this study, we have investigated the adaptive responses of maturation size of a harvested prey in a three size-class predator-prey system, under three basic life-history tradeoffs associated with early maturation: reduced growth, reduced fecundity, and increased mortality. To illustrate possible knock-on effects of harvesting-induced adaptive change that can cascade through ecosystems, we further explored changes in the predator's population abundance that results from adaptation of its prey. In total, we have analyzed the responses for a total of 45 cases covering all combinations of five harvesting regimes, three predator prey-size preferences, and three life-history tradeoffs.
Our study revealed a wide range of adaptive responses of size at maturation to harvesting in predator-prey systems, which is not seen in the single-species case. Our results underscore the importance of accounting for ecological feedbacks from predation as well as the type of life-history tradeoff associated with early maturation when studying the evolutionary effects of harvesting. In particular, the ecological feedback mediated through a single predator can potentially reverse the adaptive response of the prey population's size at maturation to harvesting. Our analysis shows that the feeding preference of the predator has a large impact on the adaptive responses associated with harvesting. We could also confirm the finding by Gårdmark et al. (2003) that harvesting juveniles has an evolutionary effect on size at maturation in predatorprey systems, which is not necessarily seen in single species models (Mylius and Diekmann 1995; Poos et al. 2011 ). The only exception is when the predator targets juveniles. In this case, the adaptive responses in the predator-prey system are qualitatively identical to a single-species system.
In addition to adaptive changes in size at maturation, we analyzed the long-term effects on the predator population size following adaptation of size at maturation in the prey population as a consequence of increased harvesting rate. It was shown in Abrams and Matsuda (2005) that harvesting the predator may actually increase the predator population size due to adaptive change in the prey. Our analysis shows that the predator population size can either increase or decrease as a long-term consequence of harvesting the prey. This finding might have implications for the management of exploited stocks, both in terms of conservation and revenue (Ashley et al. 2003) . In particular, harvesting large prey individuals can increase the predator population size. This has been observed as a population dynamical effect in whole lake experiments by Persson et al. (2007) . Here, we have for the first time theoretically demonstrated a corresponding evolutionary effect.
In real ecological systems, several life-history tradeoffs are likely to be present, and it is possible that one of these tradeoffs could dominate the selection process by exerting a stronger selection pressure than others. In this study, we have focused on the direction of selection rather than the strength of selection. To highlight the individual effect of each tradeoff on the evolution of maturation size and predator population size, we have studied each tradeoff individually. Due to the continuity of the selection gradient as a function of tradeoffs and harvest rate, the possible directions of selection under a combination of life-history tradeoffs can be any one of the possible responses under a single life-history tradeoff.
Our model shows that the adaptive responses to harvesting in predator-prey systems are diverse and intrinsically linked with the predator's prey-size preference and the prey's dominant life-history tradeoff. Interpretation of these results, however, should be made with caution in light of the model limitations. The sudden shift in the eventually evolved maturation strategy might, for example, be interpreted qualitatively as the direction of selection.
Due to growing concerns over the evolutionary effects on life-history traits related to growth and age, it has been suggested that the evolutionary impact of fisheries should be included in management strategies (Jørgensen et al. 2007 ). To successfully incorporate evolutionary effects in fisheries management, realistic models needs to be developed. Such models needs to take into account for example genetics, phenotypic plasticity, realistic size-structure, and ecosystem embedding. Therefore, it is important to continue this line of research in order to fully understand the evolutionary implications of exploitation, and there are several promising extensions. Instead of discrete size structure, a first extension could be to consider continuous size structure. Increasing the realism even further, the linear functional response to predation could be replaced by a Holling type II functional response. Moreover, it is likely that there are secondary evolutionary effects on the predator population. This can be expected to impact both the predator's demographic structure and its exerted predation pressure. Furthermore, the predator is likely to adapt to phenotypic changes of the prey population. Elucidating evolutionary effects cascading through ecological communities linked by interspecific interactions is an intriguing and challenging area for future research.
